Introduction

BASE metal mineralization in the Stone
There is less unanimity concerning the nature of the mineralized felsic schists and the tectonic setting of the deposits. Whittington (1982) 
Lithology and Petrography
Field relationships and modal mineralogic analyses (Table 1) show that the rocks in the ore environment at the First Wood's prospect can be subdivided into five lithologies: Ketchepedrakee Amphibolite, Ketchepedrakee garnet schist, and three varieties of mineralized Ketchepedrakee felsic schist: hornblende rich, biotite rich, and muscovite rich. The detailed petrography of these lithologies is given in Niu (1988) and the major characteristics which constrain the nature of the protolith of these lithologies are summarized as follows.
Petrography
Ketchepedrakee Amphibolite: The outcrop belt of Ketchepedrakee Amphibolite (Figs. i and 2) ranges from less than 100 to over 1,000 m in width. Contacts between the amphibolite and the surrounding metasedimentary rocks (Poe Bridge Mountain Group) are sharp and appear conformable (Stow et al., 1984) . In the Stone Hill district (Fig. 1) , the amphibolite occurs on the northwest limb of an overturned anticline within the Poe Bridge Mountain Group (Schafer and Coolen, 1986 ). The amphibolite is a fine-to mediumgrained, schistose mafic rock characterized by the assemblage hornblende-quartz-oligoclase-ilmenite-calcite-biotite-epidote (Fig. 4A) Ketchepedrakee garnet schist: The garnet schist occurs as isolated lenses within amphibolite, closely associated with mineralized felsic schist (described below) (Fig. 1) . The garnet schist is characterized by the assemblage garnet-hornblende-quartz-biotitepyrrhotit e-chalcopyrit e -sph alerite -pyrite -chlorit eactinolite-calcite (Fig. 4B) . The garnet is usually coarse grained (up to 10-15 mm), fracture filled by quartz, calcite, and sulfides, and replaced by chlorite, actinolite, quartz, and calcite. Abundant rutile occurs mainly as fine-grained inclusions in both garnet (Fig.  4B) and biotite, defining a prepeak metamorphic foliation. Some rocks are relatively massive, but most are strongly deformed into garnet schist, and in some rocks garnet is so sheared that quartz inclusions are deformed into discrete bands.
Ketchepedrakee felsic schist: The felsic schist occurs as lenses within the Ketchepedrakee Amphibolite; major units are exposed at the First Wood's (Figs. 2 and 3), Johnson, and Chaotic Zone prospects, and at the Stone Hill mine (Fig. 1) . They are generally less than 0.2 km 2 in outcrop area (Figs. 1-3) , less than i km in strike length, and less than 50 m in downhole thickness (Fig. 3) . Lenses and pods of amphibolite are very common within the felsic schist; contacts with amphibolite are gradational over a distance of several decimeters. The felsic schist is strongly deformed, typically banded and folded. FeCu-Zn sulfide mineralization increases with increasing grain size, the proportion of felsic bands, especially in fold hinges, and the proportion of quartz-carbonate veins and accompanying alteration. The felsic schist may be subdivided into three groups based on modal mineralogy (Table 1 The biotite-and muscovite-rich felsic schists are gradational and are composed of variable amounts of quartz, plagioclase, potassium feldspar, biotite (or phlogopite), muscovite, garnet, hornblende, staurolite, calcite, clinozoisite, epidote, and apatite ( Fig. 4D and E). The muscovite-rich felsic schist commonly contains abundant kyanite which is retrograded to sericite. The biotite-and muscovite-rich felsic schists both contain abundant sulfides, predominantly pyrrhotite with minor sphalerite, chalcopyrite, and pyrite. Fine-grained (<0.5 mm) rutile is ubiquitous in disseminated layers, as isolated disseminated grains, and as inclusions in biotite, staurolite, and garnet (Fig.  4F) . Quartz, feldspar, rutfie, and sulfides define the principal foliation in these rocks (Fig. 4D-F Fig. 6A and B) . The clasts are irregular, randomly distributed, rounded, and/or ellipsoidal aggregates of mono-and polycrystalline quartz, quartzfeldspar, and quartz-feldspar-biotite within a finegrained, sheared quartz-feldspar-mica-sulfide-chlorite matrix. They are variable in size (0.2-4 mm) and the grains within individual aggregates exhibit sutured boundaries or equilibrium 120 ø dihedral angles. The aggregates superficially resemble detrital sedimentary grains or volcanic lapilli, but systematic microscopic examination indicates that they are neither sedimen- tary clasts nor volcanic lapilli but of tectonic origin. They have been generated through differential shearing of the metamorphosed and recrystallized rocks in response to D4 deformation (see Table 2 ). The evidence for such an interpretation includes: Together, the relative mobility of the elements within these four groups may be used to infer the petrogenetic affinity of the igneous protolith, and the nature and composition of the hydrothermal metamorphic fluids. Because different elements are concentrated in different phases (e.g., light BV.E in apatite and monazite, heavy REE in zircon and sphene, Eu in feldspar, Zr and Hf in zircon) which have different stabilities, element mobility resulting from mineral breakdown should result in changes in elemental ratios. Changes in the absolute abundances of elements during alteration is not necessarily evidence of elemental mobility, because the absolute abundances of elements may be modified by concentration-dilution during enrichment-depletion of other elements or by changes in rock volume (Gresens, 1967; Campbell et al., 1984) .
Geochemical analysis and results
Thirty-one samples of the five major lithologies from the First Wood's prospect (9 Ketchepedrakee Amphibolite, 4 Ketchepedrakee garnet schist, 8 hornblende-rich Ketchepedrakee felsic schist, 7 biotite-rich Ketchepedrakee felsic schist, and 3 muscovite-rich Ketchepedrakee felsic schist) and four samples of Ketchepedrakee felsic schist from the Stone Hill mine have been analyzed for major, minor, and trace elements. Analytical instrumentation, methods, and uncertainties are described in detail by Niu (1988) . Major (Si, Ti, A1, Fe, Mg, Ca, and Na), minor (Mn and P), and selected trace elements (Ni, Cu, Zn, Rb, Sr, Y, Zr, and Nb) were determined by wavelength dispersive XRF spectrometry at the University of Alabama. Additional trace elements (Ba, Sc, V, Cr, Co, La, Ce, Sm, Eu, Dy, Yb, Lu, and Hf) were determined by INAA at the Oak Ridge National Laboratory and the University of Toronto. Sulfur was determined by inductive combustion using a Leco SC-132 automatic titrator at the University of Alabama.
The mean whole-rock geochemical compositions, ranges, and standard deviations of the five principal rock types from the First Wood's prospect and felsic schist from the Stone Hill mine are given in Table 3 .
Exclusive of sulfides, the amphibolite and garnet schist have whole-rock major element compositions (in terms of CIPW norms: Niu, 1988) typical of mafic igneous rocks, whereas those of felsic schist vary from mafic (hornblende rich) through intermediate (biotite rich) to felsic (muscovite rich). Relative to most mafic igneous rocks (Carmichael et al., 1972) , the amphibolite is slightly enriched in Na and K; the garnet schist is enriched in divalent first-period transition metals (Mn, Fe, Co, Ni, Cu, and Zn) and V, and depleted in large ion lithophile elements; and the felsic schist is enriched in Rb, K, Ba, Mn, and Zn (and to a lesser extent Fe and Cu), and depleted in Sr and Ca (and to a lesser extent Mg and Ni). Despite significant differences in modal mineralogy (Table 1) and major element chemistry, the trace element geochemical compositions of the five rock types (Table 3 ) are similar. All are characterized by relatively fiat chondrite-normalized REE abundance patterns, with variable Eu anomalies (Fig. 7A-D) . The ranges of abundances of REE elements between groups are not significantly different, and their interelement ratios are relatively constant (Table 3) . Immobile elements such as Y, Zr, Nb, Hf, Ti, and P exhibit relatively constant ratios in all five rock types (Table 3 ) and cluster tightly in conventional geochemical discrimination diagrams (Niu, 1988) , falling within the fields of subalkalic basalt from ocean-floor or within-plate settings (depending on the classification on which the diagram is based). All five rock types also exhibit relatively consistent and high abundances of compatible elements such as Sc, Ti, V, Cr, and Co ( Fig. 8A-E) . Ni is more chalcophile and exhibits more dispersion, possibly owing to remobilization in the more sulfur-rich rocks (Fig. 8F) . Major and light ion lithophile elements scatter in all rock types (Fig. 9A-F) . The excellent correlation between K and Rb (Fig.  9E) reflects their similar geochemical characteristics; Sr and Ca are also correlated but exhibit somewhat greater dispersion (Fig. 9F) , reflecting differential mobility during carbonation (discussed below).
The major element geochemical composition of felsic schist from the Stone Hill mine is not significantly different from that of the schist at the First Wood's prospect (Table 3) (Table 2) range between 3.1 and 5.0 and may therefore be classified as tholeiitic (Niu, 1988) . This suggests that the high Na and K contents of the Ketchepedrakee Amphibolite, which are higher than expected for tholeiitic basalts, are probably attributable to alteration, consistent with the scatter of these and other mobile elements on geochemical diagrams (Figs. 10A-F (Figs. 1-3) . Topographic variations, selective erosion, and deformation may also have influenced the distribution of the felsic schist, but if real, its limited lateral extent is incompatible with a sedimentary protolith which would be expected to be laterally more extensive than has been observed. The close interlayering of the felsic schist and the amphibolite in some areas is incompatible with a felsic volcanic protolith, since felsic lavas are very viscous and are not normally in- 2. The REE distribution patterns of the felsic schist are very similar to those of the amphibolite and the garnet schist (Fig. 7A-E) and are comparable to the slightly light REE-depleted to light REE-enriched patterns of most tholeiitic basaltic rocks (Saunders, 1984) . They are distinct from the light REE-enriched patterns of most, but not all, felsic volcanic rocks (e.g., Lesher et al., 1986a) . If the felsic schists were formed by fractionation of the basalts (precursor of the amphibolite), then the felsic schists should be enriched in light REE and other incompatible elements. REE patterns of sediments are very variable, depending on the composition of the source material and the weathering process, but most are more light REE enriched than the felsic schist, including the North American shale composite and Holocene river sands (Taylor and McLennan, 1985) and Wedowee Group metasediments of the adjacent Tallapoosa block (C. M. Lesher, unpub. data).
Ketchepedrakee Amphibolite (KA). B. Ketchepedrakee garnet schist (KGS). C. Hornblende-rich Ketchepedrakee felsic schist (KFS-H) and biotite-rich Ketchepedrakee felsic schist (KFS-B). D. Muscovite-rich Ketchepedrakee felsic schist (KFS-M). Normalizing values after Taylor and Gorton (1977). The similar, relatively flat patterns (except for variable Eu anomalies) for all rock types are consistent with a common mafic igneous protolith (precursor of the amphibolite
FIG. 10. Regressions of immobile elements in principal lithologies at the First Wood's prospect with respect to those of average Ketehepedrakee Amphibolite (KA). A. Ketehepedrakee garnet schist (KGS). B. Hornblende-rich Ketehepedrakee felsie schist (KFS-H). C. Biotite-rich Ketehepedrakee felsie schist (KFS-B). D. Muscovite-rich Ketehepedrakee felsie schist (KFS-M). The high correlation coefficients
3. Elements such as Y, Zr, Nb, Hf, Ti, and REE in the garnet and felsic schists exhibit relatively constant ratios that are virtually identical to those in the amphibolite (Table 3) . Regressions of the abundances of these elements in the garnet schist and the hornblende-, biotite-, and muscovite-rich felsic schist with respect to those in the amphibolite (Fig. 10A-D The above geochemical data strongly suggest that the felsic schist is neither a metasediment nor a felsic metavolcanic rock, but that it and the garnet schist are altered equivalents of the amphibolite. That is, all three major lithologies have been derived from the same protolith, the precursor to the amphibolite. This is also consistent with the lack of significant Pb in these deposits (galena is absent); as a compatible element in felsic igneous systems, felsic volcanic rocks are enriched in Pb and mafic igneous rocks are depleted in Pb. The constant interelement ratios of the high field strength elements suggests that they were relatively immobile during alteration. The variations in slopes of the regression lines between different rock types and the deviations from unity are interpreted to represent concentration and dilution by mobile elements during mineralization-related hydrothermal alteration and, to a lesser extent, retrograde alteration. The above interpretation is further supported by factor analysis (Niu, 1988) . Q mode factor analysis indicates that all three lithologies are essentially autocorrelated, implying they have a common protolith. R mode factor analysis suggests that the transformation of amphibolite to garnet schist and felsic schist results from mineralization-associated hydrothermal alteration.
Mass balance calculations
Assuming that the garnet and felsic schists are derived from the precursor of the amphibolite by premetamorphic hydrothermal alteration, the geochemical changes that accompanied this alteration can be evaluated through mass balance calculations (Gresens, 1967; Grant, 1986) . Such calculations are based on the assumption that some elements are immobile during alteration and that these elements can be used to constrain mass and/or volume changes during alteration.
Because the alteration in the Stone Hill district is
shown to have occurred prior to penetrative deformation and metamorphism, it is not possible to distinguish volume changes associated with alteration. As such, the emphasis of the calculations has been to determine mass changes in the altered rocks. Isocon diagrams were constructed using least mobile, high field strength elements with constant interelement ratios (Fig. 10A-D) , the slopes of regression lines (isocons) were calculated and normalized to unity (zero volume change), and the resulting factors were used to normalize the abundances of all analyzed elements to zero volume change. The net enrichments and depletions of all analyzed elements in the garnet and felsic schists are plotted relative to those in least altered amphibolite in Figure 11A -D.
The garnet schist is depleted in K, Na, Sr, Ca, Eu, REE, and Hf and enriched in A1, first-period transition metals (Mn, Fe, Co, Ni, Cu, Zn, Sc, Ti), and S relative to the amphibolite (Fig. 11A) . This alteration signature is very similar to that observed in less metamorphosed chloritized mafic volcanic rocks in the Noranda mining district, Quebec (Lesher et al., 1986b) .
The hornblende-rich felsic schist is depleted in Sr, Ca, Mg, Ni, and Eu and enriched in Rb, K, Ba, Mn, Cu, Zn, and S relative to the amphibolite (Fig. 11B) . The biotite-rich felsic schist is depleted in Si, A1, Na, Sr, Ca, Mg, Co, Ni, and Eu and enriched in Rb, K, Ba, Mn, Cu, Zn, and S (Fig. 11C) . The muscovite-rich felsic schist is depleted in Si, Na, Sr, Ca, Mg, Mn, Co, and Eu and enriched in Rb, K, Ba, Zn, and S (Fig.  11D) . The relative degrees of enrichment or depletion increase systematically from hornblende-to biotiteto muscovite-rich felsic schist. This is consistent with the gradational mineralogical relationships between amphibolite and felsic schist. The alteration signature of the felsic schist is very similar to that observed in less metamorphosed sericitized mafic volcanic rocks in the Noranda mining district, Quebec (Lesher et al., 1986b) .
The felsic schist is considerably more enriched in sulfur than in Fe, Zn, or Cu (ca. 40X vs. 1.3X expected from sulfide stoichiometry), indicating that sulfur was more abundant than metals in the hydrothermal fluid and that metal availability rather than sulfur availability was the limiting control on the degree of mineralization.
District-scale geochemical variations in the Ketchepedrakee felsic schist
Because surface exposure at the Stone Hill mine is limited, the shaft is collapsed, and available drill core is skeletonized, it is not possible to establish macroscopic relationships between the mineralized felsic schists and the associated garnet schist and amphibolite. However, lithologic and petrographic studies Zn, may indicate that the former components were derived from the mafic volcanic footwall rocks (precursor of the amphibolite), whereas the latter components were derived from the enclosing metasediments (Ashland Supergroup). Isotopic data will be required to test this possibility. This genetic model is consistent with the base metal zonation sequence observed at the First Wood's deposit (Fig. 3) , from stratigraphically lowest to highest: Cu in the garnet schist, Zn-(Cu) in the felsic schist, and Fe in ironformation. By analogy with less deformed deposits in the Canadian Shield (Large, 1978; Franklin et al., 1981) 
